DNA methylation is an epigenetic mark that is critical in determining chromatin accessibility and regulating gene expression. This epigenetic mechanism has an important role in T-cell function. We used genome-wide methylation profiling to characterize the DNA methylome in primary human CD4 þ T cells. We found that only 5% of CpG islands are methylated in CD4 þ T cells, and that DNA methylation peak density is increased in subtelomeric chromosomal regions. We also found an inverse relationship between methylation peak density and chromosomal length. Our data indicate that DNA methylation in gene promoter regions is not always a repressive epigenetic mark. Indeed, about 27% of methylated genes are actively expressed in CD4 þ T cells. We demonstrate that repressive methylation peaks are located closer to the transcription start site (TSS) compared with functionally non-repressive peaks (À893 ± 110 bp versus À1342 ± 218 bp (mean ± s.e.m.), P-value o0.05). We also show that both a larger number and an increased CpG island density in promoter sequences predict transcriptional permissiveness of DNA methylation. TSS in the majority of genes with permissive DNA methylation peaks is in DNase I hypersensitive sites, indicating a failure of DNA methylation to induce chromatin inaccessibility in these loci.
Introduction
DNA methylation is an epigenetic mark that is critical in determining chromatin accessibility and regulating gene expression. DNA methylation, which refers to the addition of a methyl group to the fifth carbon in cytosine residues within CG dinucleotides, is involved in cell differentiation, imprinting, X-chromosome inactivation, and suppression of transcriptional noise and 'parasitic' DNA. [1] [2] [3] [4] Abnormalities in the DNA methylation pathway are associated with pathological consequences. For example, mutations in the de novo DNA methyltransferase DNMT3B result in a syndrome of Immunodeficiency, Centromeric instability and Facial anomalies (ICF syndrome). 5 A complete deficiency of the DNA methyltransferase DNMT1 is incompatible with life. Furthermore, acquired abnormalities in DNA methylation are associated with disease conditions, including cancer and autoimmunity. 6, 7 DNA methylation has a critical role in normal T-cell function such as T helper cell differentiation and the regulation of interferon-g, and interleukin (IL)-4 production, key cytokines produced by Th1 and Th2 cells, respectively. DNA demethylation of the FOXP3 locus is pivotal for regulatory T-cell differentiation, and demethylation of the IL-2 locus is associated with IL-2 production on T-cell activation. 8 Defective T-cell DNA methylation results in T-cell autoreactivity and has an important pathogenic role in both drug-induced and idiopathic lupus, both in human disease and in animal models. 7, 9, 10 Herein, we characterize the DNA methylome in primary human CD4 þ T cells. We map DNA methylation peaks across the genome, and identify genes with promoter region methylation in CD4 þ T cells using five biological replicates. We further identify distinguishing features between transcriptionally repressive and nonrepressive DNA methylation in CD4 þ T cells.
Results
We determined genome-wide DNA methylation peaks in primary human CD4 þ T cells using DNA immunoprecipitation (IP) with an anti-5-methylcytidine antibody coupled with array hybridization. Both input and IP DNA were labeled and co-hybridized to microarray chips that included B385 000 probes covering all UCSCannotated CpG islands and promoter regions for all RefSeq genes (NimbleGen, Reykjavík, Iceland). The experiments were carried out using five biological replicates from five normal healthy female donors (age range from 31 to 48 years). Signal intensity data were extracted from the scanned images of each array. Scaled log 2 -ratios of the IP/input DNA were determined from signal intensities, and P-values for methylation enrichment were computed using the one-sided Kolmogorov-Smirnov test. Methylation peaks were determined. They represent regions with at least two probes with Àlog 10 P-values of at least 2 within a 500 bp window, and a methylation score of at least 2. The methylation score for each peak is the average Àlog 10 P-values from probes within that peak.
Several known methylated genetic loci were included in our array for quality control. These included the regions in the HOXA gene cluster, H19/IGF2/ KCNQ1 gene cluster and the IGF2R locus. All were methylated in all five biological replicates used in this study. Figure 1a shows the methylation status of the H19/IGF2/KCNQ1 gene cluster in our samples. The HOXA gene cluster serves both as a positive and negative control region, as it contains both known methylated and hypomethylated regions. 11 Our data confirm this methylation pattern in all five CD4 þ T-cell DNA samples (Figure 1b) . We further validated the methylation array data in an independent set of samples from another five normal healthy women (age range from 22 to 57 years) using bisulfite DNA sequencing of both methylated and hypomethylated regions ( Figure 1 ).
We identified 2902 ± 187 (mean ± s.e.m., n ¼ 5) methylation peaks in CD4 þ T-cell DNA. Further, we identified 388 genes that have at least one DNA methylation peak that appears in the À5 to þ 1 kb region relative to the transcription start site (TSS) with its center located within the À5.5 and þ 1.5 kb region in all the five biological replicates tested. This stringent requirement that all genes should be identified in every sample tested has the advantage of adding confidence to the target genes identified near the methylation peaks.
We used gene expression data in normal human CD4 þ T cells (10 biological replicates) available from Gene Expression Omnibus, to determine whether there is any correlation between gene expression and methylation status. Expression data were available for 202 genes with a methylated promoter region in CD4 þ T cells. Only 55 genes (27.2%) had at least one transcript expressed in normal human CD4 þ T cells. The majority of the methylated genes (72.8%) were not expressed. Comparatively, when all annotated genes included in the expression array experiment were analyzed, we found that 43.7% of genes (9094 out of 20 828 genes examined) were expressed in normal human CD4 þ T cells (w 2 ¼ 22.0, Po0.0001) (Figure 2a ). These findings are consistent with DNA methylation being largely a repressive epigenetic mark in human CD4 þ T cells. However, 27.2% of methylated genes are transcriptionally active, indicating that DNA methylation is not always asso- Figure 1 Methylation enrichment signals represented as Àlog 10 P-value scores in CD4 þ T-cell DNA from five normal healthy participants in (a) the H19/IGF2/KCNQ1 genetic locus on chromosome 11, and (b) the HOXA gene cluster on chromosome 7. Bisulfite DNA sequencing was used to validate the methylation status in methylated regions within the HOXA3 gene and the KCNQ1/TRPM5 promoter region, and hypomethylated regions in the HOXA1 and HOXA13 promoter regions in an independent set of samples.
Human CD4 þ T cell DNA methylome T Hughes et al ciated with gene silencing in CD4 þ T cells. There was a significant difference in the average distance between the center of methylation peaks and TSS of methylated genes that are expressed compared with non-expressed genes. The center of methylation peaks was on an average 449 bp further upstream from the TSS in expressed genes as compared with non-expressed genes (À1342±218 bp versus À893 ± 110 bp (mean ± s.e.m.), P-value o0.05). These data suggest that a chromatin distance of three nucleosomes (449 bp divided by 147 bp/nucleosome) is important in determining whether DNA methylation is transcriptionally repressive or permissive in a given genetic locus. There was no difference in methylation intensities (as measured by Àlog 10 P-value methylation scores) between transcriptionally repressive and permissive methylation peaks (2.97 ± 0.04 versus 2.98 ± 0.03 (mean±s.e.m.), P-value ¼ 0.85). We determined the number of CpG islands and the maximum CG dinucleotide density in CpG islands within the À5.5 to þ 1.5 kb region from the TSS of genes that are methylated and expressed in CD4 þ T cells and genes that are methylated but non-expressed. Promoter regions of expressed genes were more likely to have a CpG island compared with non-expressed genes (83.3 versus 64.7%, odds ratio ¼ 2.7, w 2 ¼ 6.38, P-value ¼ 0.012). There was a significant difference in the mean CpG island CG dinucleotide densities (as measured by maximum CG observed/ expected ratio) in promoter regions of expressed compared with non-expressed genes. The mean maximum CG observed/expected ratio within CpG islands in promoter regions of methylated and expressed genes was 0.95±0.03 compared with 0.88±0.02 in methylated and non-expressed genes (mean ± s.e.m., P ¼ 0.01).
We carried out functional analysis of genes that are methylated but expressed in CD4 þ T cells and in genes that are methylated and non-expressed using Ingenuity Pathway Analysis software (Ingenuity Systems, Redwood City, CA, USA). Interestingly, the top functional networks identified in genes that are expressed showed involvement in basic cell functions, such as cellular signaling and interaction, and cellular growth and proliferation (Figure 3a) . The non-expressed genes showed functional association with antigen presentation, cell-mediated immune response and humoral immune response (Figure 3b ). This suggests that the methylation in non-expressed genes is functionally relevant and that those genes that are involved in immune functions are non-expressed in primary CD4 þ T cells and can demethylate and become transcriptionally active once T cells are activated and differentiated.
We next analyzed DNase I hypersensitive (HS) sites in primary human CD4 þ T cells, as a marker for chromatin accessibility. This revealed that TSS is located within a DNase I HS site in the majority of methylated genes that are expressed but not in non-expressed genes (85.5 versus 27.9%, w 2 ¼ 52.45, P-value o0.0001). This further indicates that DNA methylation is functionally relevant in inducing chromatin inaccessibility at the TSS and Figure 1 Continued.
Human CD4 þ T cell DNA methylome T Hughes et al transcriptional repression in the latter but not former group of methylated genes. Out of all the 27 458 CpG islands examined within the 22 autosomal chromosomes and the X chromosome, we found that only 1375 ± 65 (mean ± s.e.m.) CpG islands (5% of islands) include methylation peaks in our samples. This indicates that the vast majority of CpG islands are unmethylated in CD4 þ T cells. This is consistent with recent studies in other cell types. 11, 12 The regions in the HOXA gene cluster (Chr7: 26 924 046-27 424 045), the H19/IGF2/KCNQ1 cluster (Chr11: 1 699 992-3 143 916) and the IGF2R gene region (Chr6: 160 309 320-160 447 571) were entirely tiled in our arrays. Data from these regions (B2 Mb titled region) allowed unbiased examination of the DNA methylation pattern both in CpG islands and in surrounding genetic regions included within these sequences. We found that most methylation peaks are located outside the CpG islands. Indeed, in genetic loci close to CpG islands, methylation peaks tend to occur at CpG 'shores', just outside the boundaries of CpG islands. This observation has been recently reported in other human tissues. 13 We found a higher density of methylation peaks in the subtelomeric regions compared with the rest of the chromosomes in CD4 þ T cells. The mean methylation peak density in the tiled region within the subtelomeric regions (7 Mb regions from the telomeres) was significantly higher compared with the non-subtelomeric regions in all chromosomes combined (Po0.0001). This enrichment toward the telomeres is not explained by tiling as methylation peaks densities were normalized for the size of the region tiled, and this phenomenon has been recently reported by others.
11,14 Enrichment of methylation peaks in the subtelomeric regions was evident and statistically significant in all chromosomes except for chromosome 19 (Table 1) . Unexpectedly, we also found a negative correlation between chromosomal lengths and the density of methylation peaks observed within the tiled regions in our samples (r 2 ¼ 0.34, P ¼ 0.0035) (Figure 2b ). This is not explained by gene density as there is a positive correlation between the number of genes on each chromosome and chromosomal length (r 2 ¼ 0.35, P ¼ 0.003).
Discussion
DNA methylation is largely a transcriptionally repressive epigenetic mark that induces gene silencing and chromatin inaccessibility. 15, 16 DNA methylation induces chromatin inaccessibility and transcriptional repression by several mechanisms. These include the recruitment of members of the methylcytosine binding domaincontaining proteins, such as MECP2, which is turn recruit histone deacetylases that result in chromatin condensation. 15, 16 In addition, the bulky methyl group on methylcytosine residues can prevent the binding of transcription factors to the promoter sequences of methylated genes. 17 Using DNA methylation profiling in primary human CD4 þ T cells, we shed light on transcriptionally permissive DNA methylation marks and find that B27% of methylated genes in primary human CD4 þ T cells are expressed. We find that most CpG islands are not methylated in CD4 þ T cells, consistent with published work in a number of genetic regions in multiple cell types. 18, 19 We report two characteristics that distinguish transcriptionally repressive from permissive DNA methylation peaks in promoter gene sequences. A distance between TSS and the center of methylation peaks of an average of 449 bp further upstream from the TSS prevents DNA methylation from inducing chromatin inaccessibility and transcriptional silencing. Our data suggest that methylation peaks that are transcriptionally repressive are on average about six nucleosomes away from the TSS. Methylation peaks located on average about nine nucleosomes away were not functionally repressive. In addition, CpG islands in the promoter regions of genes that harbor a permissive DNA methylation peak are characterized by an increased maximal CG dinucleotide density compared with repressive peaks (Figure 4) . Furthermore, we demonstrate that the majority of genes with a TSS located downstream of permissive DNA methylation peaks are sensitive to DNase I digestion at the TSS, as indicated by the presence of a DNase I HS site, indicating that chromatin is accessible and available for transcription machinery binding. We also observe that transcriptionally permissive DNA methylation peaks correspond to genes involved in cell signaling, growth and proliferation, whereas repressive peaks are more closely associated with genes associated with immune response and T-cell differentiation. Modulation of repressive DNA methylation patterns at key regulatory loci has a critical role in lineage differentiation of certain T helper subsets. For example, hypomethylation of a single region in the FOXP3 locus reveals Treg cell lineage commitment and is closely related to the longevity of suppressor function. 20, 21 Our data indicate that proximity of methylation is directly related to the potential for methylationdependent nucleosome remodeling and repression. We suggest a model in which failure of DNA methylation to induce inaccessible chromatin configuration is related to both the distance of the methylation peaks from TSS and perhaps reduced efficiency to recruit transcription repressor complexes, such as MECP2-SIN3A-HDAC, as a result of high CpG island density, leading to an open chromatin configuration and availability for transcription.
Materials and methods

CD4 þ T cell isolation and DNA extraction
Peripheral blood mononuclear cells were isolated from normal healthy donor blood samples by density gradient centrifugation (Amersham Biosciences, Uppsala, Human CD4 þ T cell DNA methylome T Hughes et al Sweden). CD4 þ T cells were then isolated through magnetic bead separation using direct labeling (Miltenyi Biotec, Auburn, CA, USA) following the manufacturer's protocol. DNA was extracted using the DNeasy Kit (Qiagen, Valencia, CA, USA). The DNA concentration was then determined using a NanoDrop spectrophotometer (Thermo Sci., Wilmington, DE, USA). Our studies were carried out using ten biological replicates from ten normal healthy women. All participants signed an informed consent. Our studies are approved by our institutional review boards.
DNA IP and array hybridization
Genomic CD4 þ T-cell DNA was digested with MseI and purified using Qiagen Quick PCR Purification kit. Next, we diluted 1.25 mg of MseI-digested DNA to a final volume of 300 ml in TE buffer (pH7.5), heat denatured for 10 min at 95 1C and then immediately cooled on ice for 5 min. An aliquot of 60 ml was then removed and stored at À20 1C as the input DNA. IP buffer (60 ml at 5 Â ) was then added to the remaining 240 ml of the digested and denatured DNA samples. Anti-5-methylcytidine antibody (Abcam, Cambridge, MA, USA) was added and the samples were incubated overnight with agitation at 4 1C. Pre-washed protein A agarose beads were then added and the samples were incubated at 4 1C with agitation for 3.5-4 h to obtain DNA-antibody-bead complex. This reaction mix was then spun down at 6000 r.p.m. for 2 min at 4 1C and the pellet washed three times with 1 ml 1 Â IP buffer with 5 min incubations with agitation in between centrifugation steps. The beads were then resuspended in 250 ml of digestion buffer and 7 ml of proteinase K (10 mg ml
À1
) was added and incubated overnight at 55 1C with agitation. IP DNA was then purified using ethanol precipitation. We then performed whole genome amplification (WGA2 kit, Sigma-Aldrich, St Louis, MO, USA) of input and IP DNA. Input and IP DNA from each participant were then labeled with Cy3 and Cy5, respectively, pooled, denatured and then co-hybridized to 385K methylation arrays with tiling that covers all UCSC-annotated CpG islands and promoter regions for all RefSeq genes (NimbleGen).
Bisulfite DNA sequencing CD4 þ T-cell DNA from an independent set of normal healthy controls was isolated and treated with sodium bisulfite using the EZ DNA Methylation-Gold kit (Zymo Research, Orange, CA, USA). Sodium bisulfite treatment will convert unmethylated cytosine residues to thymine, whereas methylated cytosine residues will remain as cytosines. Sodium bisulfite treated DNA was amplified and directly sequenced (primer sequences are available upon request). Percent methylation on each CG site was quantified using the Epigenetic Sequencing Methylation analysis software (ESME). 22 Statistical analysis and methylation peaks identification Signal intensity data were obtained and analyzed from each scanned array by NimbleGen. The ratio of IP versus input DNA signals in each probe from each cohybridized sample is determined and the log 2 -ratio is computed and scaled to center the ratio data around zero. Scaling is carried out by subtracting the bi-weight mean for the log 2 -ratio values for all features on the array from each log 2 -ratio value (complete scaled log 2 -ratio data for all probes and all samples are available in online Supplementary file 1). The Àlog 10 P-values are calculated for each probe by placing a fixed-length 750 bp window 
